Yields of grain legumes are constrained by available water. Thus, it is crucial to understand traits influencing water uptake and the efficiency of using water to produce biomass. Global comparisons and comparisons at specific locations reveal that water use of different grain legumes is very similar, which indicates that water use efficiency varies over a wide range due to differences in biomass and yield. Moreover, yield increases more per millimetre of water used in cool season grain legumes than warm season species. Although greater contrasts have been observed across species and genotypes at the pot and lysimeter level, agronomic factors need to be taken into account when scaling those studies to field-level responses. Conservative water use strategies in grain legumes such as low stomatal conductance as approximated by low photosynthetic carbon isotope discrimination reduces yield potential, whereas temporal adjustments of stomatal conductance within the growing season and in response to environmental factors (such as vapour pressure deficit) helps to optimize the trade-off between carbon gain and water loss. Furthermore, improved photosynthetic capacity, reduced mesophyll conductance, reduced boundary layer, and re-fixation of respired CO 2 were identified as traits that are beneficial without water deficit, but also under terminal and transient drought. Genotypic variability in some grain legume species has been observed for several traits that influence water use, water use efficiency, and yield, including root length and the temporal pattern of water use, but even more variation is expected from wild relatives. Albeit that N 2 fixation decreases under drought, its impact on water use is still largely unknown, but the nitrogen source influences gas exchange and, thus, transpiration efficiency. This review concludes that conservative traits are needed under conditions of terminal drought to help maintain soil moisture until the pod-filling period, but profligate traits, if tightly regulated, are important under conditions of transient drought in order to profit from short intermittent periods of available soil moisture. Abbreviations: a, carbon isotope fractionation during stomatal diffusion; A N , (net) photosynthetic carbon assimilation; b, net carbon isotope fractionation during carboxylation; Δ 13 C, photosynthetic carbon isotope discrimination; e a , atmospheric vapour pressure; e i , leaf intercellular vapour pressure; e s , saturation vapour pressure; g m , mesophyll conductance; g s , stomatal conductance; h, coefficient to convert hexose into plant biomass; HI, harvest index; k, transpiration coefficient; m, molecular weight ratio of CH 2 O and CO 2 (0.68); p a , CO 2 partial pressure in the atmosphere; p c , CO 2 partial pressure in the chloroplast; p i , CO 2 partial pressure in the intercellular air space; RH, relative humidity; RLD, root length density; R x , axial hydraulic resistance; T air , air temperature; T leaf , leaf temperature; T, transpiration (total volume of transpiration); TE, transpiration efficiency (TE g referring to grain yield and TE b to biomass per water transpired; TE leaf when referring to leaf level, thus photosynthetic carbon assimilation per water transpired); TR, transpiration rate (at leaf level in volume per area and time, e.g. mmol m −2 s −1 ); VPD, vapour pressure deficit; VPG, vapour pressure gradient between the leaf and the atmosphere; WU, water use; WUE, water use efficiency (WUE g referring to grain yield and WUE b to biomass per water used).
Introduction
Growing grain legumes in crop rotations is a sustainable way to meet future demands for food and protein (Foyer et al., 2016) . Their ability to introduce atmospheric nitrogen into agricultural systems through symbiotic N 2 fixation, reducing the need for nitrogen fertilizers, to improve soil health and structure, to break disease cycles, and the high protein content of grains used for both humans and animal feed are well known (Peoples et al., 1995; Graham and Vance, 2003; Hauggaard-Nielsen et al., 2008; Bampidis and Christodoulou, 2011) . However, total production and land area planted to grain legumes is only a fraction of that compared with cereals (Foyer et al., 2016) . Low and variable yields (Cernay et al., 2015) constrain their adoption in farming systems (Millan et al., 2006; Anderson et al., 2016) , especially due to increased risk when combined with high input costs, such as fungicides and herbicides. Improvements in yields have been slow or declining for most grain legumes (Foyer et al., 2016) , indicating that greater investment and research is needed to close the yield gap and improve yield stability.
Higher grain yields are associated with greater water supply for transpiration (T), better capture and use of water for carbon assimilation [transpiration efficiency (TE)], and converting more of the carbon assimilated (biomass) into grain [harvest index (HI) ], where yield is a function of T×TE×HI (Passioura, 1977) . While this water productivity framework is still widely used, including for grain legumes (Siddique et al., 2001; Krishnamurthy et al., 2013) , more mechanistic approaches incorporate the influence of vapour pressure deficit (VPD) such that TE=k/VPD (de Wit, 1958; Fischer and Turner, 1978; Tanner and Sinclair, 1983 ) (Box 1). k is a crop-dependent transpiration coefficient that depends on the CO 2 concentration difference between leaf and air, plant biochemical composition, and proportion of leaf area directly exposed to the sun and transpiring (Sinclair et al., 1984) . VPD is the difference between leaf intercellular (e i ) and atmospheric vapour pressure (e a ). Legumes should have a higher k compared with other C 3 plants due to their higher protein content (Sadok and Sinclair, 2011) , which ranges from 20% to 40% depending on the species (Lizarazo et al., 2015; Zimmer et al., 2016 ) (compared with 6-15% in cereals; Shewry, 2007) . The carbon cost for proteins (2.48 g of glucose per 1 g of protein from nitrate as N source) is higher compared with carbohydrates (1.21 g of glucose per 1 g of carbohydrates) (Penning deVries et al., 1974) , resulting in an overall higher carbon demand by legumes (Sinclair and de Wit, 1975; Munier-Jolain and Salon, 2005) . Additionally, N 2 fixation is an energy-demanding process with between 1 g and 10 g of carbon for every gram of N fixed (Phillips, 1980; Schulze et al., 1994) . Thus, legumes are generally considered to have lower yield than cereals (Badaruddin and Meyer, 1989; Biederbeck and Bouman, 1994) (but see below) because of the energy cost associated with their inherent higher grain protein content and rhizobial symbiosis.
Most grain legumes are grown under rain-fed conditions, but, even in irrigated systems, yields tend to be constrained by available water (Daryanto et al., 2015; Polania et al., 2016) . Moreover, because of their indeterminate nature and overlapping vegetative, reproductive and seed-filling stages, the critical period determining yield of grain legumes is longer than in cereals (Lake and Sadras, 2014) . Extended periods of drought in low rainfall years, terminal drought at the end of the season, intermittent rainfall, and alternating periods of water deficit can reduce potential yields. This is particularly poignant in the light of predictions for many agro-ecological zones of more variable rainfall, and greater frequency and intensity of droughts under climate change (Wang, 2005; Zhao and Dai, 2016) . To overcome these challenges, improving yield with less water, namely by increasing water use efficiency (WUE), is considered essential by many crop-breeding programmes (Araus et al., 2002; Condon et al., 2004; Araújo et al., 2015) . However, high WUE is generally associated with low yield potential (Blum, 2005) , indicating that crops need to be both conservative and competitive in their water use (WU) in water-limited environments; that is, they need to be profligate water users with high transpiration rates (TRs) to maximize their productivity but restrict their WU so that it does not exceed supply. The k-dependent function may not be applicable for water-limited conditions because it does not take into account stomatal or root sensitivity to soil water deficit and changes in the canopy as the crop develops (see Box 1). Furthermore, constant adequate soil water conditions are assumed for simplicity (Sinclair et al., 1984) . Hence, a greater understanding of the mechanisms controlling WU and productivity of grain legumes is needed to develop crop ideotypes and better-adapted cultivars for different locations and farming systems. Integrating other properties into the water productivity framework is necessary. Matching these to well-characterized environments, including where high VPD is applicable, will improve sustainability, reliability, and profitability of farming systems that incorporate grain legumes in their rotations.
This review examines grain legume WU strategies, indicates the problems in up-scaling a leaf-based trait such as photosynthetic carbon isotope discrimination (Δ 13 C) to plant or field scale, assesses reversible and permanent physiological mechanisms to adjust to water deficit, and discusses the impact of N 2 fixation on WU. We focus on traits that directly influence water uptake and T or reduce the carbon cost per transpired molecule of water, thus T and TE. For this review, we do not examine the contribution of HI to yield and connected traits that increase HI, such as carbon and nitrogen mobilization. The vegetative tissues or the whole-plant biomass of some grain legumes are used as forage or green manure, especially in subsistence or organic farming (Duc et al., 2015; Jeromela et al., 2017) and, for those agricultural production systems, total biomass production should be the main breeding target rather than pure focus on grain yield. General discussion of HI and its comparison between grain legumes and other crops can be found elsewhere (Lawn, 1989; Hay, 1995; Unkovich et al., 2010) .
Growing conditions and indeterminate growth of grain legumes
Grain legumes can be divided into two groups depending on the timing of their productive period and temperature requirements for growth; they experience transient or terminal drought depending on the climate of their growing region and availability of water (Table 1) . When grown on stored soil moisture with only limited additional rainfall during the Box 1.
From an agronomic viewpoint on a field level, WUE is defined as:
where B is (aboveground) biomass, G is grain yield, and water use (WU) is the total over the whole growing season, which integrates water losses via evapotranspiration (ET), namely crop transpiration (T) and soil evaporation (E). WU at this level is usually calculated from soil moisture content at the start of the season less soil moisture at the end of the season plus rainfall and/or irrigation. A more mechanistic field-level WUE (Sinclair et al. 1984 ) is:
where HI is the harvest index (G/B), e a and e i are the atmospheric and leaf intercellular vapour pressure. As e i is generally assumed to be at saturation, the term e i -e a corresponds to ambient vapour pressure deficit (VPD), with e e i a − being the mean VPD for times with transpiration. Based on some simplifying assumptions, the transpiration coefficient k is a constant defined as:
where L D and L T are leaf area indices separating the canopy into sun-exposed and shaded leaves, m is a constant (0.68) based on the molecular weight ratio of CH 2 O and CO 2 , h accounts for the biochemical composition of plant biomass (carbohydrates, proteins, lipids), and p a and p i are atmospheric and leaf intercellular CO 2 partial pressure, respectively.
(Note: drainage and run-off are part of WU, but are not considered further here as plants only have a minor influence on them.) On a pot level, soil evaporation can be avoided by covering the soil and so WU can be measured gravimetrically as transpiration (T). Accordingly, yield or biomass production of a plant per unit of water use is expressed as transpiration efficiency (TE):
In Equation 5, either plant (aboveground) biomass at harvest or the incremental plant biomass production since the start of a treatment (usually withholding water) is used to determine B.
On a leaf level, carbon gain per water loss is defined as instantaneous transpiration efficiency (TE leaf ):
Where A N is net photosynthetic carbon assimilation and TR is the transpiration rate. Accounting for carbon losses via respiration (ϕ c ) and water losses via cuticular or night-time transpiration (ϕ w ; i.e. water losses that are not connected to CO 2 assimilation), the above equation is modified to (Hubick and Farquhar, 1989; Turner, 1997) : (Daryanto et al., 2017) , thus increasing the importance of soil type on soil water availability. The growth habit of most grain legumes is indeterminate, with vegetative growth continuing while flowering, which can result in long developmental stages, variable maturing times, and a long critical period determining yield (Lake and Sadras, 2014) . While these factors can be problematical for intensive farming, indeterminate growth permits response to rainfall or other favourable conditions at any time. In addition, the extended period of flowering (and pod set) compensates for flower abortion due to short-term transient stresses or grazing, thus giving indeterminate plants phenotypic plasticity. On the other hand, flowering and early pod-filling periods are most vulnerable to stresses, so indeterminate crops face an increased likelihood that their critical developmental phases will experience variable stress conditions (Table 1; Lawn, 1989) . The determining factor for yield of chickpeas under water deficit is the number of flowers and seeds; hence, high flower production even under water stress is crucial (Pushpavalli et al., 2015) .
Indeterminancy in grain legumes causes direct competition between vegetative and reproductive growth, but the relative distribution of carbon to reproductive tissues (i.e. the HI or pod partitioning index) can increase under water deficit, as has been observed for one cowpea and some common bean genotypes (Polania et al., 2016; Rao et al., 2017) . Remobilization of carbon and nitrogen from vegetative tissues towards grain growth is probably the main reason for the relative increase in pod or seed weight (Rao et al., 2017) . For the cowpea, one wild common bean and one tepary bean (Phaseolus acutifolius), higher seed weight under rainfed/drought conditions explains part of their increase in HI under transient water deficit (Rao et al., 2017) . Similarly, chickpeas seed size increased when water was limiting before or at the early reproductive stage (Fang et al., 2011) . Other studies on chickpea (Pushpavalli et al., 2015) , lentil (Shrestha et al., 2006) , grass pea (Gusmao et al., 2012) , or common bean (Boutraa and Sanders, 2001) found that seed size was not affected by water deficit despite decreasing yield, which also points towards a relative increase in carbon allocation to reproductive tissues. Interestingly, seed yield has even been shown to increase under mild transient water deficit (French and Turner, 1991) . However, reduced chickpea seed size due to water-limiting conditions has been observed as well, but the relative reduction of seed size was smaller than the decline in yield (Davies et al., 1999; Leport et al., 1999) . While some of the variation in the results above can be attributed to differences in timing and severity of drought, indeterminancy also creates high variability, which can be problematical both for farmers and yield consistency but beneficial for combating short periods of stress.
Water use: the temporal pattern of WU counts
Comparing WU of grain legumes and cereals
Despite higher carbon requirements for protein synthesis and N 2 fixation, not all grain legumes use more water (or have lower yields) than cereals, which has been attributed to legumes having shallower roots and higher HI (Angadi et al., 2008) . Similarly, on a global scale, legumes cannot be classified as using more water than cereals. Cool season grain legumes, in particular, exhibit a similar or lower range of WU compared with wheat (Fig. 1A) . While yield is generally positively related to WU (except see the case for faba, cluster, and moth bean which are not significant; Fig. 2 ) than those for cereals (Table 2 ; Fig. 2A ) and the proportion of yields that can be explained by amount of water used varies over a wide range (0-83%; Fig. 2 ; Table 2 ). The spread in data indicates that factors other than WU also drive yields (French and Schultz, 1984) .
Similar total WU between grain legumes but different temporal patterns in WU
Average seasonal WU of different grain legume species is very similar on a global scale (Fig. 1) , with the greatest variation occurring amongst the warm season legumes. This is supported by observations at a local and regional level, where total WU across grain legume species over the season is generally similar for a particular site (but for exceptions, see below), but differs across sites and from year to year (Townley-Smith et al., 1993; Biederbeck and Bouman, 1994; Siddique et al., 2001; Wang et al., 2012) . However, temporal patterns in WU differ during the season, with some species tending to use more water after flowering than other species-which is achieved by early flowering and longer duration of the flowering period (Siddique et al., 2001) . In addition, earlier maturity and length of the growing season explained variation in WU in a low rainfall season (Wang et al., 2012) . In general, similar WU between different grain legumes but dissimilar yield and biomass imply that grain legumes exhibit a range of WUE (Fig. 1B) . Yield and water use are positively correlated for most species, with the correlations tending to be stronger for warm season species. Slopes were compared within a species group, and different letters indicate a significant difference (P<0.05). Yields of cool season legumes are more responsive to water (higher slopes) and differ between species, unlike warm season species whose yields increase at the same rate (P=0.196) of 3.3 kg ha −1 mm −1 water used (pooled slope). Hence, warm season legumes use more water to produce the same yields, which is expected due to higher soil evaporation at higher temperatures. Data for wheat are shown for comparison.
Greater contrasts in WU between or within legume species have been observed in pot and lysimeter studies, but this is dependent on the genotypes compared (McDonald and Paulsen, 1997; Alghamdi et al., 2015) and the conditions applied (Halilou et al., 2015) . Soil evaporation can be minimized in pot experiments, thus observing T on an individual plant basis only (see Box 1 and further discussion below). For example, peanut (also called groundnut; Arachis hypogaea) generally used more water than cowpea (Vigna unguiculata), even under water stress conditions; nevertheless peanut exhibited higher reduction of TE and yield due to water deficit (Halilou et al., 2015) . Even though genotypic differences in WU have been observed in lysimeter studies, such as for cowpea (Halilou et al., 2015) , peanut (Vadez and Ratnakumar, 2016) , or chickpea (Zaman-Allah et al., 2011b) , this difference in total WU could not be related to yield or be used to differentiate between sensitive and tolerant genotypes. However, in other studies, WU drives pod yield of peanuts under wellwatered conditions (negative relationship between total WU and pod yield), which was mainly explained by a smaller leaf canopy of tolerant genotypes (Ratnakumar and Vadez, 2011) . Thus, total WU data for the whole season are not very informative by themselves in understanding yield variation.
Strategies of WU relevant to the environment
Despite similarities in total WU for the whole season, strategies of WU during the season can differ and indicate adaptation to different rainfall patterns. For example, grain legumes such as lupins can be both profligate and conservative in their WU depending on the susceptibility for terminal drought of their habitat (Berger and Ludwig, 2014) . Profligate WU is a competitive strategy that enables the crop to take advantage of freely available water, where water loss to drainage, evaporation, neighbouring plants, or weeds is minimized. Yellow lupin (Lupinus luteus) and narrow-leafed lupin (L. angustifolius) roots are highly efficient at capturing and transporting water (Bramley et al., 2009) , which supports their profligate WU. However, because lupins are predominantly grown and bred in Mediterranean-type environments prone to terminal drought (Berger and Ludwig, 2014) , many genotypes are sensitive to soil drying, rapidly closing their stomata when soil moisture declines (Correia and Pereira, 1995) . Stomatal closure may be necessary because they have limited capacity for osmotic adjustment (Palta et al., 2012) and an inability to regulate root water transport reversibly (Bramley et al., 2009 (Bramley et al., , 2010 . This prevents adaptation to drying conditions or to meeting the demands of T. Moreover, lupins are not efficient in remobilizing resources from the stem to the sink, with <3% remobilized (Pate et al., 1980) . Thus, with little capacity to remobilize water-soluble carbohydrates, lupins rely on current photosynthetic carbon assimilation (A N ) almost entirely to fill pods, which exacerbates yield reductions when they are exposed to terminal drought (Palta et al., 2012) . In a number of other species, stomatal conductance (g s ) has been shown to respond to VPD ('atmospheric drought'), revealing a limited-T trait, which has been reviewed elsewhere (Vadez et al., 2012 Sinclair et al., 2017) and is further discussed in the section 'Physiological adjustments to environmental conditions'. Taken together, sensitive short-term adjustment of g s to drought (soil water deficit and atmospheric drought) represents a conservative strategy of WU.
Longer water deficit conditions or environments characterized by stored soil moisture conditions may require predominantly low g s and high TE (Moreno-Gutiérrez et al., 2012) to ensure that there is adequate water stored in the soil profile to be used by the crop during the critical reproductive phase. Restricted WU (i.e. low g s and TR) early in the growing season as has been shown for chickpea (Zaman-Allah et al., 2011b) helps to conserve soil water (Sinclair, 2012) , ultimately resulting in higher WU at the reproductive stage, as has been discussed in Vadez et al. (2014) . Post-flowering WU correlates with legume grain yields (Siddique et al., 2001) . Thus, conservative WU via early stomatal closure helps to reduce or delay terminal drought. T during the vegetative stage is often negatively related to that during the reproductive stage and yield (Ratnakumar et al., 2009; Zaman-Allah et al., 2011b) , and could be used as a screening strategy in applicable environments, especially for legumes growing on stored soil moisture. A conservative strategy with temporal adjustment of WU over the growing season has the highest potential in systems with terminal drought.
Water use efficiency: a field-level trait
The term 'water use efficiency' is used across different spatial and temporal levels (see Box 1 for definitions; Bramley et al., 2013) , generally being composed of the product (carbon) as numerator and water input as denominator, thus following the common definition of productivity. In this review, we use the term WUE at the crop level (agronomic level), while we refer to 'transpiration efficiency' for controlled pot experiments, where soil evaporation can be controlled so that only T determines the water input. T represents an amount or volume of water transpired; however, the time span of T is typically not indicated, but usually refers to total T per growing season/phenological stage or since the start of the treatment. Similarly, the relevant variable representing WU at the leaf level is TR, which differs from the plant level, thus called TE leaf (Box 1). In contrast to T, TR is reported as the volume of water transpired per time and area. It is important to note these differences because this determines the accuracy with which WU and, hence, WUE is known, but also whether the value is an integrative measure and relevant agronomically. There is no single trait that determines WUE of crops (Bramley et al., 2013) , but WUE depends on both plant and environmental factors ( Fig. 3 ; Sinclair, 2012) . A complex interaction between plant morphology, physiology, and biochemistry with their environment (e.g. VPD, temperature, light, and soil moisture) determines WUE.
Soil evaporation: influenced by plant habit and agronomic management
According to the agronomic definition of WUE b (Box 1 Equation 1) or WUE g (Box 1 Equation 2), soil evaporation is part of WU (Box 1; Fig. 3 ), thus soil evaporation negatively affects WUE b or WUE g . The level of ground cover and shading influence evaporative water losses from the soil, hence rapid establishment of ground cover (early vigour and prostrate growth habit), canopy architecture, and leaf orientation affect soil evaporation (Fig. 3) . For pea and faba bean, early ground cover results in lower soil evaporation and higher yields compared with chickpea or lentil, which tend to have low early vigour (Siddique et al., 2001) . In lupins, soil evaporation is inversely related to leaf area (Greenwood et al., 1992) , thus soil evaporation is a significant component of WU for plants with low leaf area.
While early vigour and spreading/prostrate growth habit can potentially reduce evaporative water losses, high biomass accumulation and leaf area early in the season may lead to high T and, as discussed above, exhaust stored soil moisture for later in the season (Table 1 ; Ludlow and Muchow, 1990) . Drought-tolerant chickpea genotypes showed lower vegetative growth under progressive soil drying (Zaman-Allah et al., 2011a) and, even under well-watered conditions, drought-tolerant cowpea genotypes often have lower biomass compared with drought-sensitive genotypes (Belko et al., 2013) . When grown on stored soil moisture and low probability for in-season rainfall, as generally occurs in subtropical environments, early vigour might compromise yield of cool season grain legumes as early water consumption depletes the soil moisture profile and increases the severity of terminal drought. (This is assuming that early vigour consumes more water and depletes the soil moisture profile more than higher soil evaporation rates due to less shading and more exposed soil under low vigour crops.) In contrast, in temperate and Mediterranean-type cropping systems that rely on in-season rainfall, early ground Fig. 3 . Dependencies of water use efficiency at field level (WUE g ) and transpiration efficiency at leaf level (TE leaf ). Inner boxes influence outer boxes. Blue-coloured or framed boxes are related to water loss, while orange boxes are related to carbon allocation and green boxes to carbon uptake. Yellow boxes represent environmental drivers. Black boxes are related to plant morphology. Grey boxes indicate plant physiological traits that directly (g s ) or indirectly (N 2 fix) influence both carbon and water status of the plant. VPD air , vapour pressure deficit in the air; VPD leaf , vapour pressure deficit based on leaf temperature; T soil , soil temperature; T air , air temperature; T leaf , leaf temperature; g s , stomatal conductance; g m , mesophyll conductance; g c , cuticular conductance; PC, photosynthetic capacity; N 2 fix, biological nitrogen fixation.
cover prevents water losses through run-off and soil evaporation , and also provides a quicker canopy and root system to capture the available rainfall more readily. Moreover, pot studies in the glasshouse indicate that early vigour in chickpea is affected by initial soil moisture content, with time of emergence and early plant growth being delayed or reduced in drier soils (Hosseini et al., 2009) . Thus, a complex interaction between soil moisture and early vigour modifies the influence of plant biomass on soil evaporation, which could ultimately affect yield potential.
Ground cover can be further modified by agronomic management techniques that adjust for plant morphology, such as row spacing, planting density, and stubble retention under reduced tillage systems. For example, chickpea cultivars planted into standing wheat stubble and faba bean cultivars had higher yields and higher WUE g under narrower row spacings (Raymond et al., 2015) . Lupin yields also favour narrower row spacing in eastern Australia (Scott et al., 2013) ; however, while biomass production is always higher in narrower rows in western Australia, lupins can also yield well on wide rows in warm and dry conditions due to slower extraction of water and higher HI (French and Haries, 2006) . Planting density also needs to be adjusted to the sowing date in order to achieve optimal yield. For Vigna spp., for example, higher plant density is required at later sowing to maximize yield (Lawn, 1989) . Higher planting density can also result in greater water extraction and subsequently less water available for the following crop in systems relying on stored soil moisture (Gan et al., 2007; Lemma et al., 2009) .
Stubble retention (particularly stubble from cereals in rotation) in reduced tillage systems helps to reduce soil evaporation and thus increase the water available for the following grain legume crops (Kirkegaard and Ryan, 2014) . Stubble, and whether it is left standing or flattened, can also affect infiltration of rainfall, and soil and canopy temperatures of following grain legumes such as chickpea and faba bean (Verrell, 2016) . Standing wheat residue reduced virus infections and incidence of radiant frost in chickpea (Verrell, 2016) . Cooler canopy temperatures in reduced tillage systems also means less water is needed for the cooling effect of T.
Effects of reduced tillage systems on yield or WUE of grain legumes are sometimes conflicting. For example, zero tillage had no impact on WUE g of chickpea (Fernández-García et al., 2013) or yield of faba bean (López-Bellido et al., 2003) , whereas WUE g was higher in chickpea in a tilled system because the preceding fallow season allowed more deep water storage in the soil profile (Gan et al., 2010) . Conservation agriculture and reduced tillage are widely adopted, especially in countries such as Australia. A greater understanding of the interaction between stubble retention, species/genotype, and the site-specific climate and soil conditions is needed to exploit its full potential to improve yields of grain legumes.
Wild grain legumes that are the progenitors of domesticated species tend to have low stature and prostrate growth or climbing habit (Kelly, 2001; Abbo et al., 2009) . These adaptations aid light interception and water conservation in the environments in which these species originate, such as higher altitudes and shallow soils, but they are not conducive to high-density planting, crop management, and harvesting by agricultural machinery. Plant breeding has manipulated branching, plant height, and biomass (Huyghe, 1997; Kelly, 2001; French and Buirchell, 2005) , so that most modern Australian cultivars of chickpea and lupin tend to have an erect or semi-erect habit, with increased height of the lowest pods, although some drought-tolerant chickpea cultivars with wide adaptability such as PBA Slasher have a semi-spreading habit (Knight, 2009) . Nevertheless, the wild material provides opportunities for adding novel traits that aid water conservation.
Transpiration efficiency at leaf level and its relationship to field scale TE at the leaf level is defined as the ratio of A N to TR (Box 1 Equations 7 and 8; Fig. 3) . Final yield or biomass represents an integral of both fluxes over the whole growing season. At a leaf or plant level, gas exchange, namely A N and TR, can be measured directly (von Caemmerer and Farquhar, 1981) , but available data are usually point measurements.
Carbon isotope discrimination: a useful proxy?
The carbon isotope composition (relative abundance of 12 C and 13 C) of leaves or seeds represents an integrated proxy for g s , which is linked to both A N and TR, over the whole time of carbon assimilation. The preferential assimilation of 12 C over 13 C depends on the ratio of the intercellular CO 2 partial pressure (p i ) to the atmospheric CO 2 partial pressure , with a being the carbon isotope fractionation during stomatal diffusion and b being the net carbon isotope fractionation due to carboxylation (Farquhar et al., 1982; Brugnoli and Farquhar, 2000) . Besides Δ 13 C of C 3 plants, TE leaf depends on p i /p a (Box 1 Equations 7 and 8). Due to their common dependence on p i /p a , Δ 13 C is often used as an indirect measure of TE leaf (Condon et al., 2004) . Based on this relationship, Δ 13 C should be negatively correlated with plant-level TE, and thus WUE or yield, which was confirmed for cereals such as barley (Hubick and Farquhar, 1989) and wheat (Farquhar and Richards, 1984) , but also for grain legumes such as cowpea (Ismail et al., 1994) , peanut (Hubick et al., 1986; Wright and Nageswara Rao, 1993) , chickpea (Kashiwagi et al., 2006b) , and common bean (Ehleringer et al., 1991) . Interestingly, all of these studies used a measure of plant biomass or carbon content and not grain yield as numerator to determine TE, hence TE b , and all the grain legumes were sampled before maturity.
In contrast, multiple studies also found positive correlations between Δ 13 C and TE b , for example for lentil, chickpea, and lupin (Turner et al., 2007b) , and yield or drought response index (which is positively related to crop growth rate) for chickpea Krishnamurthy et al., 2013) . These deviations from the theoretical relationship can be traced back to the up-scaling from a leaf-level trait to plant or field level. The latter two studies are field studies; hence, the straightforward link between Δ 13 C and TE is weakened by soil evaporation (Fig. 3) . Furthermore, as the main driver for TE (at plant level) is T (Blum, 2005), increased TE is achieved by reduced g s , which in turn also reduces carbon uptake. Therefore, increasing TE by breeding for low g s or low Δ 13 C results in lower yield potential, as discussed in Blum (2005) . This could explain the positive relationship between Δ 13 C and TE b found in Turner et al. (2007b) , as the pot experiment was performed under wellwatered conditions. When water is not limiting, increased Δ 13 C caused by higher g s will increase the amount of assimilated carbon, thus biomass and yield, resulting in a positive correlation between Δ 13 C and TE. .
While changes in Δ 13 C are often equalized to changes in g s , photosynthetic capacity also influences p i /p a and, therefore, Δ 13 C. A prerequisite for increased photosynthetic capacity to improve TE leaf is that A N varies independently of g s , which was shown for soybean (Gilbert et al., 2011) . Photosynthetic capacity also appears to play a pivotal role for peanut as the variation in TE b between different genotypes could be explained by biomass production not T (Wright and Nageswara Rao, 1993) . Hence, improved photosynthetic capacity can compensate for reduced A N based on stomatal closure (water-saving mechanism) independent of the water regime ( Table 3 ), so that improved TE leaf /TE/WUE is not necessarily associated with lower biomass production or potential yield. Legumes especially have the potential to improve photosynthetic capacity under water deficit conditions as they may be able to concentrate leaf N due to symbiotic N 2 fixation without reducing leaf size (Condon et al., 2002) . Photosynthetic capacity is influenced by mesophyll conductance (g m ; conductance to CO 2 during diffusion from the intercellular air space into the chloroplast, the site of carboxylation) and carboxylation efficiency (Flexas et al., 2010) . Strictly speaking, Δ 13 C is a proxy for p c /p a (p c being the CO 2 concentration inside the chloroplast), and not p i /p a , so it also depends on g m . The positive relationship of g m and TE leaf has been discussed elsewhere (Barbour et al., 2010; Flexas et al., 2010) . g m was not affected by VPD in common bean (Warren, 2008) or by water deficit in soybean (Bunce, 2009) while g s decreased in both studies-promising observations that show the potential of g m to improve TE leaf . However, a strong positive relationship between g m and g s was observed among soybean genotypes, which challenges the potential benefit of g m on TE leaf (Tomeo and Rosenthal, 2017) . Nevertheless, as genetic variation in g m has been shown recently for soybean (Bunce, 2016; Tomeo and Rosenthal, 2017) , it represents a potential trait that may also be applicable for other grain legumes to improve A N , thus TE leaf and WUE, independent of the water regime (Table 3 ).
In addition to p i /p a , TE leaf is determined by other variables that are decoupled from Δ 13 C and therefore not reflected in the plant's carbon isotope composition. As apparent in Box 1 Equations 7 and 8, TE leaf depends on the environmental driver VPD (Condon et al., 2004; Sinclair, 2012) . Likewise, water losses that do not contribute to carbon gain, such as cuticular T or night-time T due to incomplete stomatal closure, influence TE leaf (Equation 8 ). Both pathways are most commonly studied under dark conditions (Yoo et al., 2009) , which makes it difficult to distinguish between the two, but cuticular conductance is likely to be much lower (Caird et al., 2007) . Cuticular T is repressed by epicuticular waxes, which are shown to increase with plant age, but also with water deficit in peanut (Samdur et al., 2003) and cowpea (Singh and Raja Reddy, 2011) . Night-time TRs are typically 5-15% of daytime TRs (Caird et al., 2007) . However, night-time T can facilitate N uptake (Snyder et al., 2008) . and opening stomata before dawn can increase photosynthetic carbon gain (Caird et al., 2007) . Therefore, further investigations are needed on the effect of night-time TRs on plant performance, especially for legumes, which exhibit a modified N cycle due to N 2 fixation.
Another example for decoupling of Δ 13 C and TE/WUE is in the case of temporal adjustment of g s to VPD. Stomatal closure in response to high VPD increases tolerance to water deficit (Fletcher et al., 2007; Devi et al., 2010; Belko et al., 2013) , and thus TE, but as the amount of carbon assimilated during that period of stomatal closure is relatively small, it might not be reflected in the plant's carbon isotope composition, and thus Δ 13 C.
Phenological adjustment to escape drought
Escaping drought through early completion of the full plant cycle subject to terminal drought is well known for annual grain legumes (Vadez et al., 2012; Berger et al., 2016) . In agricultural systems, this is achieved by early planting (provided there are no restrictions through frost, photoperiod, or waterlogging), and choice of early flowering and maturing (short growing season) species and genotypes (Siddique et al., 2001) . These agronomic practices and traits reduce impairments in yield through terminal drought. Escaping drought becomes extremely prominent when grain legumes grow on stored soil moisture and severe terminal drought is inevitable-then drought avoidance traits become ineffective (Berger et al., 2016). As discussed above, early accumulation of biomass also contributes to prevent water losses via soil evaporation. In wet seasons, however, early maturity and a shorter growth cycle counteract temporal accumulation of carbon (higher yield potential) (Table 3) , as has been observed for lentil (Silim et al., 1993) . In low rainfall environments, early vigour, flowering, and maturity have been selected for in domesticated and wild Lupinus species (Berger and Ludwig, 2014), but, as rainfall increased, flowering dates became later (Berger et al., 2017) . Comparing domesticated and wild germplasm of L. luteus from habitats with low terminal drought stress revealed later phenology together with higher biomass and WU for the wild germplasm (Berger and Ludwig, 2014) . Early vigour and flowering were also associated with larger seeds, which was supported by a longer podfilling phase (Berger et al., 2017) .
Physiological adjustments to environmental conditions

Root systems
Root traits such as rooting depth, branching, and anatomy influence water uptake, root hydraulic resistance, and plant water balance. Root hydraulic resistance is further modified by the presence and activity of aquaporins (proteinaceous water channels) facilitating transcellular water transport driven by osmotic and hydrostatic pressure gradients (Tyerman et al., 2002) . In-depth descriptions of how these traits influence hydraulic resistance and WU generally can be found elsewhere (Bramley et al., 2007a; Bramley et al., 2013; Vadez, 2014) . While no individual root trait is primarily responsible for crop performance or drought tolerance in the field, genetic variations in several traits have been identified in grain legume roots that enhance water transport and, hence, the ability to match T demands and maintain shoot water balance. The utility of root length density (RLD; total root length per unit volume of soil) as a trait to improve yield under water-sufficient and water-deficient conditions has been suggested (Brodribb et al., 2015) because water uptake by roots depends on the total absorptive root surface area. Hence, root systems with high RLD should have high hydraulic conductance (inverse of hydraulic resistance) (but see below) and thus increase the amount of transpirable water (Vadez, 2014) . In support of this, a positive relationship between total RLD and grain yield was observed for chickpea (Kashiwagi et al., 2006a; Purushothaman et al., 2017) , and drought tolerance of cowpea has been attributed to increased root biomass and higher RLD at greater depth (Matsui and Singh, 2003) . Typically, RLD is higher in shallower soils and decreases with increasing depth (Hamblin and Tennant, 1987) , reflecting the distribution of available nutrients. Thus, water uptake is generally greater in shallower soils (Hamblin and Tennant, 1987) . To improve water uptake in deeper soils, RLD of deep roots needs to increase or, better still, plasticity in deeper RLD needs to be greater so as not to cause yield penalties through unnecessary carbon allocation below ground when moisture in shallower soil is plentiful.
Chickpea, similarly to most legumes, is taproot dominant with predominantly first-and second-order lateral roots (Gregory, 1988; Chen et al., 2016) . Chickpea roots exhibit quick early growth until the early podding stage when growth slows (Gregory, 1988) . This vigorous early growth results in large and deep roots, which can exceed 100 cm deep (Gregory, 1988; Kashiwagi et al., 2005) , as opposed to other legumes, such as faba bean, that are shallow rooted (Heeraman and Juma, 1993) . Soil water uptake is critical for reproductive growth of chickpea (Kashiwagi et al., 2015) , and WU from deep soil layers (90-120 cm) was characteristic for drought-tolerant chickpea genotypes (Purushothaman et al., 2017) . Moreover, shallower roots appear to extract water that is used for accumulating biomass and deeper roots for grain filling (Kashiwagi et al., 2015) , albeit that this may merely reflect the timing of root growth, with deeper roots developing later.
Benefits and limitations of high RLD have already been discussed in Vadez (2014) . For example, there is no benefit from a deep root system when grown on intermittent rainfall, which generates water uptake from shallow soil depths (Vadez, 2014) . Accordingly, neither root depth nor RLD could be related to drought tolerance of peanut grown under transient water stress, which was attributed to a weak relationship between RLD and WU (Ratnakumar and Vadez, 2011) . Moreover, a large root system does not always translate into more water uptake, as shown for lupins and peas compared with cereals (Hamblin and Tennant, 1987) , or to higher yield, as has been shown for multiple chickpea accessions (Serraj et al., 2004) . This is because Prince et al. (2017); 5, Bramley et al. (2007b) . a Calculated from the mean percentage of root cross-section area that was metaxylem and divided by the mean number of vessels not all of the root surface area is absorptive (Enstone et al., 2002) and some parts of the root system are impermeable to water (and nutrients) or have high hydraulic resistance (Bramley et al., 2009) , such as where suberin is deposited in cell walls blocking the apoplast or secondary development leads to the development of a periderm and the outer tissue are shed. In these instances, the rate of water uptake will be non-linearly related to root length. Deposition of hydrophobic substances such as suberin in the exodermis (if present) and endodermis affects radial hydraulic resistance and forces water to enter the symplast and travel transcellularly through aquaporins or plasmodesmata. Chickpea and lupin roots do not develop an exodermis (Hartung et al., 2002; Bramley et al., 2009 ), which appears to be a familial trait of the Fabaceae (Perumalla et al., 1990) , although only root regions of primary growth have been examined. Because the majority of angiosperm species surveyed develop an exodermis (Perumalla et al., 1990) , its absence in legumes may facilitate rhizobial infection and nodulation. The absence of suberin barriers allows water to travel through the apoplast which has a lower hydraulic resistance than the symplast (Steudle, 2000) . So the rate of radial water flow should be higher at a given water potential and, in lupins, the rate of water uptake is linearly related to root length (Bramley et al., 2009) . However, without an exodermis in the shallower part of the root system, the root is analogous to a conduit with perforated walls. Water extracted by deep roots may be lost to drier shallow soils if the stomata are closed and, hence, not reach the shoot, or extreme xylem tensions need to be generated to draw water up from depth. Hence, understanding root function along with architecture and tissue composition is critical to selecting suitable root traits for water-limited environments. Size and abundance of metaxyxlem vessels influence axial hydraulic resistance (R x ) ( Table 4) . Larger metaxylem vessels of grain legumes contribute to higher water uptake rates compared with cereals in the field (Hamblin and Tennant, 1987) , which is coupled with low R x and high rates of water flow along the length of the root (Bramley et al., 2009) . An increase in the number of metaxylem vessels enhanced water transport in soybean under drought and was associated with higher yields (Prince et al., 2017) . Narrow xylem vessels in species such as chickpea are compensated by higher numbers (Purushothaman et al., 2013 ; but see Purushothaman et al., 2014) , which suggests a trade-off between transport efficiency and risk of cavitation because narrow vessels have a high R x , but are considered to be less susceptible to formation of air bubbles (Davis et al., 1999) . However, evidence of cavitation in roots is limited and the relationship between vessel diameter and cavitation under drought is less clear. Xylem vessel dimensions and abundance can also vary with environmental conditions and along the length of the root, usually increasing as the root matures (Table 4) . High R x early in the season in young roots, through smaller vessels, will restrict WU and thus soil water depletion, which could be beneficial when grown on stored soil moisture (Table 3) , but because hydraulic resistance determines the water potential gradient necessary to extract and transport water, lower R x during the reproductive and grain-filling stages would avert high xylem tensions. Under transient water deficit (intermittent rainfall), low R x is beneficial, to facilitate rapid uptake of water when it is available, but this needs to be counterbalanced by stomatal closure when water is not available to prevent excessive water loss.
With the availability of whole-genome sequences, aquaporin gene families have been identified in chickpeas (40 homologs), common bean (41 homologs), pigeon pea (40 homologs), and soybean (72 homologs) (Deokar and Tar'an, 2016 , and references therein). Aquaporins provide a mechanism to fine-tune WU reversibly, but only a few have been functionally characterized in grain legumes. For example, plasma membrane intrinsic proteins from Phaseolus vulgaris (PvPIPs) play a role in water and nutrient transport in developing bean seeds (Zhou et al., 2007) , while a plasma membrane intrinsic proteins from Glycine max (GmPIP1;6) was identified as being involved in root to shoot signalling in soybean (Vandeleur et al., 2014) . Although aquaporins are active in lupin roots, their function is not yet clear (Bramley et al., 2009 (Bramley et al., , 2010 . Expression of a plasma membrane intrinsic protein from Pea sativum (PsPIP2;1) was correlated with diurnal variation in pea root hydraulic resistance (Beaudette et al., 2007) , and various chickpea aquaporins were differentially expressed in response to abiotic stresses (Mantri et al., 2007) . In faba bean, aquaporin expression has been observed in leaves, with higher expression in guard cells than other cell types (Sun et al., 2001 ) and, although their role in stomatal opening and closing has not been demonstrated, expressing a plasma membrane intrinsic protein from Vicia faba (VfPIP1) in transgenic Arabidopsis thaliana plants increased the size of the root system and drought tolerance (Cui et al., 2008) . Research on grain legume aquaporins lags behind other plant/crop species but is needed to integrate hydraulic properties and functioning.
Osmotic adjustment
Osmotic adjustment is the increased solute concentration in cells through the active accumulation of ions and compatible solutes, which aids turgor maintenance, and has recently been reviewed and discussed (Blum, 2017; Turner, 2017) . Mechanisms of turgor maintenance in chickpea are virtually unknown apart from identification that there is genetic variation for osmotic adjustment (Morgan et al., 1991; Basu et al., 2007; Turner et al., 2007a) , which depends on the environment and developmental stages. Although osmotic adjustment has been suggested as a useful selection criterion associated with grain yield under drought (Morgan et al., 1991) , the results for chickpea indicate that it is not a stable trait (Basu et al., 2007) and does not result in yield improvement (Turner et al., 2007a) . Moreover, osmotic adjustment may not be a character shared by every grain legume; for example, lupins apparently do not osmotically adjust (Palta et al., 2012) . However, in a meta-analysis of 26 studies across 12 crop species, which included four grain legumes-chickpea, soybean, pigeon pea, and pea-yield under drought was associated with osmotic adjustment in almost all cases, including the grain legumes (Blum, 2017) . The two cases where there was no relationship were for chickpea grown on intermittent rainfall (Leport et al., 1999; Turner et al., 2007a) where turgor maintenance through stomatal closure, as in the case for lupins (Palta et al., 2012) , may be more profitable. Besides osmotic adjustment, accumulation of metabolites such as proline has also been related to osmoprotection of cellular functions in cowpea (Goufo et al., 2017) .
Stomatal conductance (g s )
Stomata open and close in response to environmental drivers, such as light, CO 2 concentration, and VPD. Because stomata are the major pathway for gas exchange between plants and the atmosphere, A N and T are intrinsically tied. However, T increases linearly with increasing g s , whereas A N reaches a plateau at higher g s (Yoo et al., 2009) . Generally, low g s helps to conserve soil water (as discussed above in 'Water use efficiency: a field-level trait'). Drought-tolerant genotypes of chickpea generally had higher canopy temperature-a proxy for canopy conductance (Zaman-Allah et al., 2011a) , and drought-tolerant cowpea had a lower TR compared with sensitive genotypes, with genotypic differences in TR being highest under high VPD (Belko et al., 2013) . Especially when grown under high VPD conditions, stomatal control helps to increase TE, which is directly related to pod yield (Vadez and Ratnakumar, 2016) . However, lower g s compromises yield potential (see discussion in 'Transpiration efficiency at leaf level and its relationship to field scale'). Thus, under conditions with no water stress (soil water deficit or atmospheric drought), reduced g s results in lower yield, while soil water conservation due to lower g s is beneficial under terminal drought or high VPD conditions (Table 3) .
Besides the direct effect on g s , VPD also drives TE leaf (at high VPD relatively more water is lost per assimilated carbon, thus lower TE leaf ; Box 1, Equations 7 and 8). Therefore, it is favourable for water conservation to limit g s /TR and thus increase TE leaf under conditions with high VPD; a trait that has been associated with drought tolerance and was recently reviewed by Sinclair et al. (2017) .
The limited-T trait with breakpoint above which TR is less responsive to a further increase in VPD has been shown for genotypes of cowpeas (VPD breakpoint 2.25 kPa; Belko et al., 2013) , peanut (VPD breakpoint 2.2 kPa; Devi et al., 2010) , soybean (VPD breakpoint 2.0 kPa; Fletcher et al., 2007; Sadok and Sinclair, 2009) , and lentil (VPD breakpoint 3.4 kPa; Guiguitant et al., 2017) . For chickpea, Zaman-Allah et al. (2011a) observed a drop in TR at high VPD (VPD breakpoint 2.5 kPa), however for drought-sensitive lines with a high initial slope of TR in response to VPD. However, g s / TR of Phaseolus species is generally unresponsive to VPD at high temperatures (Medina et al., 2017) .
Reduced TR at high VPD should translate into higher yields under both terminal and transient drought (Table 3) . A recent simulation showed no difference in yield between lentils with a VPD breakpoint of 3.4 kPa (which was the observed breakpoint for lentil) and lentils with a VPDinsensitive TR; however, reducing the VPD breakpoint to 2.2 kPa or 1.1 kPa mostly resulted in increased grain yield in South Asia (Guiguitant et al., 2017) . The VPD breakpoint in the two latter scenarios is below observations for lentil. and the assumption of a VPD breakpoint of 1.1 kPa is lower than what has been observed for other species. Thus, to translate the limited-T trait into yield improvements in germplasm with a lower VPD breakpoint has to be explored. However, a VPD breakpoint as low as 1.1 kPa [e.g. at 25 °C and 65% relative humidity (RH)] might lead to reductions in yield potential (Table 3) .
Sensitive cowpea genotypes exhibit cooler canopy temperature due to higher TR (i.e. canopy conductance) compared with tolerant genotypes (Belko et al., 2013) . Along with increased differences in TR at high VPD, differences in canopy temperatures between genotypes are also highest under high VPD (~3 °C difference). Reduced g s leads to warmer leaf temperatures (T leaf ), thus enhancing the vapour pressure gradient (VPG) between the leaf and the atmosphere [VPG=e s (T leaf )-e a (T air ,RH)], with e s being the saturation vapour pressure in the intercellular air space dependent on T leaf , and e a being the atmospheric vapour pressure dependent on the air temperature (T air ) and RH, which in turn lead to an increased TR (maybe also increased respiration) (Ludlow and Muchow, 1990; Medina and Gilbert, 2016) . Therefore, Medina and Gilbert (2016) suggested using VPG instead of VPD for physiological comparisons. Saving respiratory water losses by reducing g s is over-ridden by higher TRs due to an increased VPG because of lack of evaporative cooling. Given that drought-tolerant genotypes show a breakpoint in VPD response of TR, thus lower TR at high VPD (see references above), the impact of increased leaf temperatures is mostly of minor relevance under terminal drought conditions, but could become a major threat in combination with high temperatures when non-stomatal limitations of photosynthesis become relevant (Medina and Gilbert, 2016) .
Other ways to reduce water losses and increase carbon gain
Re-fixation of respired CO 2
In the discussion on WUE processes that reduce carbon and water losses, as described in Box 1 Equation 8, are often neglected. The presence of chlorophyll in the embryo and seed coat (Furbank et al., 2004) characterizes legumes as chloroembryophytes (Smolikova and Medvedev, 2016) . The net carbon assimilation of pods is small (Flinn and Pate, 1970; Ma et al., 2001) and does not substantially contribute to the overall plant carbon gain. However, pod wall photosynthesis measurably contributes to seed filling in the perennial forage legume alfalfa, being especially important when leaves start to senescence (Wang et al., 2016) . As respired CO 2 is trapped in the cavity of the pod, it can be re-assimilated at no expense of water loss. Re-fixation of respired CO 2 by chickpea increases gross CO 2 assimilation by the pods (Ma et al., 2001 ), but it is the pod wall and not the seed that does most of the refixation (Furbank et al., 2004) . The chlorophyll content in pod walls has even been shown to increase early in pod development due to water deficit in a deep-rooted chickpea genotype (Kaur et al., 2017) , thus highlighting the potential importance of re-fixation of respired CO 2 under drought, especially for species that lose their leaves prior to terminal drought. The contribution of CO 2 refixation might be higher in top-podding grain legumes, where, for example, flowers and pods of some genotypes of mungbean (Vigna radiata), pigeon pea, and cowpea are able to intercept a larger proportion of light (Lawn, 1989) . Further research is needed to compare the capacity of refixation of respired CO 2 of different grain legumes and to quantify its contribution under water deficit.
Effective leaf area
Besides the TR, transpirational water losses are determined by the leaf area (Fig. 3) . However, reduced leaf area due to limited leaf expansion or leaf senescence concurrently limits photosynthetic carbon uptake and yield potential (Blum, 2005) and does not, therefore, result in better WUE/ TE. Under conditions of terminal drought, plants benefit from smaller leaf area early in the season as that contributes to soil water conservation by reduced transpirational water losses (Ludlow and Muchow, 1990 ) (but compare with section on 'Water use efficiency: a field-level trait'). On a diurnal scale, the effective leaf area may be adjusted with more horizontal orientation to increase light interception or more vertical orientation to reduce water losses. In that way, plants are able to maintain a large leaf area in order to increase A N early in the morning and late in the afternoon, but reduce TR during mid-day. The ability for leaf movement varies between species (Lawn, 1982) . Lupin leaves follow the sun (Walker et al., 2011) , but roll under drought (Berger et al., 2008) . Lablab bean (Lablab purpureus), soybean, black gram (Vigna mungo), green gram, common bean, and cowpea leaves adjust to more vertical, paraheliotrophic orientation under water deficit (Lawn, 1982; Muchow, 1985; Berg and Hsiao, 1986; Kao and Forseth, 1992; Fatokun et al., 2012) .
N 2 fixation
Besides assimilation of soil NH 4 + and NO 3 − , legumes have the ability to source nitrogen via biological N 2 fixation. Because legumes provide carbon to symbiotic rhizobia bacteria, biological N 2 fixation represents a carbon sink due to the supply of energy for nitrogenase and carbon skeletons to fix ammonia. The carbon cost associated with N 2 fixation is generally higher compared with soil nitrogen assimilation (Cannell and Thornley, 2000) . However, N supply from the rhizobia bacteria could be beneficial for N supply of legumes and counteract carbon costs. Through its requirement for carbon, N 2 fixation is also linked to T and WU of legumes. However, the sensitivity of the TR and N 2 fixation rate to reduced soil moisture it not correlated, but TR is generally more reactive to soil water deficit (Sinclair et al., 2015) .
Water deficit reduces the percentage of N derived from N 2 fixation, as shown for soybean (Kirda et al., 1989) , lentil (Kurdali and Al-Shamma'a, 2010) , and chickpea (first sowing; Sadras et al., 2016) , but other studies showed no effect on common bean (Penacabriales and Castellanos, 1993) or chickpea (second sowing; Sadras et al., 2016) . Among studied grain legumes, the N 2 fixation rate of cowpea appears to be most tolerant to soil drying (Sinclair et al., 2015) . Water deficit affects nodulation efficiency, nodule growth, and N 2 fixation activity, as has been reviewed by Serraj et al. (1999) and Aranjuelo et al. (2014) .
N 2 -fixing plants were less sensitive to water deficit compared with nitrate-fed plants in terms of plant growth (pea; Frechilla et al., 2000) , maintaining water status (soybean; Kirova et al., 2008) and pod yield (common bean; Lodeiro et al., 2000) . This advantage was related to changes in gas exchange based on the source of nitrogen, namely increased A N in N 2 -fixing plants during drought compared with nitratefed plants due to lower photorespiration (Frechilla et al., 2000; Kirova et al., 2008) . Additionally, the source of nitrogen influences g s and T, with generally higher values for biological N 2 -fixing compared with nitrate-fed peas under both well-watered and water deficit conditions (Frechilla et al., 2000) . However, Minguez and Sau (1989) found lower T (per leaf area and per plant) of N 2 -fixing soybeans compared with nitrate-fed plants under drought stress. This points towards a more conservative WU for N 2 -fixing soybeans. Consequently, the source of N affects both factors of TE leaf under water deficit, so their interaction determines the overall effect on TE. Symbiotic N 2 fixation could mediate increased photosynthetic capacity due to increased leaf N concentrations, thus allowing high TE leaf without sacrificing yield potential (Condon et al., 2002) -a unique potential for legumes. Due to those potential and contrasting results on yield benefits under water deficit conditions, more research is needed on the effect of N 2 fixation on TE and WUE.
Future research
General yield improvements can be gained from traits that are beneficial under all water regimes, such as improved photosynthetic capacity, reduced g m , reduced cuticular T, and re-fixation of respired CO 2 . Genetic diversity has been identified for g m (Tomeo and Rosenthal, 2017) and is indicated for the contribution of pod wall photosynthesis to grain filling (Wang et al., 2016) . Therefore, their potential should be the subject of future research and incorporated into breeding programmes, accordingly.
Boundary layer conductance is another trait that can be beneficial under all water regimes (Table 3) . Grain legumes such as chickpeas or soybeans possess trichomes, which have multiple biotic and abiotic functions (Hauser, 2014; Bickford, 2016) . With regard to plant water use, trichomes affect T leaf (Lauter and Munns, 1986) and leaf boundary layer conductance, and thus evapotranspiration and TE on a canopy scale (Baldocchi et al., 1983) . However, the reduction in boundary layer conductance by trichomes has a minor effect on TE leaf in Myrtaceae (Amada et al., 2017) . More research is needed, in order to assess if trichomes are a potential trait to reduce transpirational water losses effectively.
Genetic variation for root traits such as length, diameter, and branching patterns has been identified in lupins and chickpeas using semi-hydroponic systems (Chen et al., 2011 (Chen et al., , 2016 . Information on root anatomical traits and aquaporins in grain legumes and their influence on WU is limited. Moreover, there are even fewer accounts of root traits matched with function. Root hydraulic resistance or water uptake and transport has only been measured in a few grain legume species under artificial conditions. Identification of genes and quantitative trait loci (QTLs) linked to root traits provides great potential to avoid laborious and expensive root phenotyping; however, their phenotypic response in real soil profiles and in response to drought need to be verified (Comas et al., 2013; Kuijken et al., 2015) . This suggests that a combination of approaches may be required to identify relevant traits and develop root systems for target environments. Integrating genetic approaches in breeding potentially facilitates targeted breeding for locally adapted genotypes. Advances in 'omics' research and their potential in legume breeding have been recently reviewed (Jacob et al., 2016; Pandey et al., 2016; Li et al., 2017) . Accelerating legume breeding by using genomic information can help to reduce the gap in productivity between grain legumes and cereals, and lead to greater adoption of grain legumes in agricultural systems (Foyer et al., 2016; Jacob et al., 2016) .
It is important to define typical drought patterns (both atmospheric and edaphic) in terms of timing, intensity, and type (terminal versus transient) for the main growing areas in order to facilitate breeding for targeted environments. Modelling of agro-ecological regions, as has been done for chickpeas in the Northern Grains Region of Australia by Chauhan et al. (2017) , helps to characterize regional drought and temperature regimes. This information can increase efficiency to breed locally adapted genotypes. Most importantly, harmonizing plant phenology to the local environment improves legume grain yield (Berger et al., 2016) .
As highlighted in this review, many traits exhibit trade-offs depending on the water regime. Modelling approaches to characterize benefits versus limitations/costs of traits will be helpful to assess their effect on yield in specific environments. For example, drought tolerance of N 2 fixation has been identified as the most important trait for soybean yield gain in the USA .
The integrative nature of Δ 13 C offers advantages compared with point measurements, but its limitations need to be understood. Seasonal and diurnal regulations of g s /T/WU are not instantly reflected in bulk δ 13 C. Measuring compound-specific carbon isotope composition such as sugars allows integrating over shorter temporal time scales as sugars represent recently assimilated carbon. This can be used to assess genotype-specific adjustment of WU during the growing season. If water use is mainly controlled by g s , water conservation would be reflected in lower Δ 13 C early in the growing season, while these plants would have higher Δ 13 C due to increased soil water availability later in the growing season.
Global temperature and evaporation are likely to increase in the near future (Kirtman et al., 2013) . Increased evaporation intensifies soil water deficit, and future trends in VPD (atmospheric drought) are not well defined (Vadez et al., 2012) . From an agronomic perspective, future research should focus on the intimate connection between water deficit and heat, as the combined effect might modify the suitability of certain traits.
Conclusions
The effects of traits contributing to yield of legumes highly depend on the regime of water deficit; that is, no water limitation, terminal drought, or transient drought. Under conditions without water limitations or transient drought, a profligate WU generally helps to increase yields, while under terminal drought a more conservative WU improves yields through soil water conservation in combination with adapted phenology to escape terminal drought (assuming the conserved water is not lost otherwise, for example to competing plants or to evaporation). Multiple traits exhibit contrasting effects under conditions without water limitation and terminal drought because traits that help to reduce early soil moisture depletion, such as reduced g s , late vigour, or reduced leaf area, compromise yield potential. Under terminal drought or on soils with low water-holding capacity, any traits to avoid/ postpone drought become ineffective. Therefore, it is crucial to characterize the environment (i.e. typical climate conditions, likelihood for extreme weather events, and soil properties) to match with the best adapted species and genotypes.
The traits discussed above can be classified into constitutive (not reversible, e.g. root length) and adjustable/reversible (e.g. stomatal adjustment to VPD) traits. Generally, reversible traits and phenotypic plasticity are preferred in order to maintain high yield potential; thus, for example, stomatal closure at high VPD rather than constantly low g s . However, the suitability of constitutive versus reversible traits also depends on the likelihood and regime of drought (terminal versus transient). Drawing conclusions from leaf-level traits and applying them to the field level is problematical as discussed, for instance, for Δ 13 C. WU and WUE at field level depend on multiple phenological, morphological, and physiological traits, as well as on agronomic practices. Because all these attributes converge into the final grain legume yield, interdisciplinary approaches are essential, which should also involve a social component in order to translate breeding and agronomic achievements into economic outcome for farmers.
